The Cimicomorpha is one of the largest and highly diversified infraorders of the Heteroptera. This group is also highly diversified cytogenetically and demonstrates a number of unusual cytogenetic characters such as holokinetic chromosomes; m-chromosomes; multiple sex chromosome systems; post-reduction of sex chromosomes in meiosis; variation in the presence/absence of chiasmata in spermatogenesis; different types of achiasmate meiosis. We present here a review of essential cytogenetic characters of the Cimicomorpha and outline the chief objectives and goals of future investigations in the field.
Introduction
The Heteroptera, or true bugs, are a diversified group of insects displaying a number of unusual and sometimes unique cytogenetic characters such as holokinetic chromosomes, m-chromosomes, multiple sex chromosome systems, sex chromosome postreduction and occasionally pre-reduction in male meiosis, variation in the presence/absence of chiasmata in spermatogenesis, different types of achiasmate meiosis and oth-ers. The pioneer investigators of true bug cytogenetics were Henking (1891) , McClung (1902) and Wilson (1905 Wilson ( , 1909 . It should be noticed that Hermann Henking (1891) and his object, the firebug Pyrrhocoris apterus Linnaeus, 1758 (Pentatomomorpha: Pyrrhocoridae), deserve the credit for the discovery of a relation between chromosomes and sex determination in animals. Since that time chromosomal sex determination has become more and more widely accepted among biologists.
The cytogenetics of the Heteroptera has been firstly comprehensively reviewed by Ueshima (1979) and shortly afterwards by Manna (1984) . Ueshima's (1979) superior monograph covers characteristics of all but one (Enicocephalomorpha, for which information is lacking to this day) heteropteran infraorders. However, the infraorders are cytogenetically unequally explored.
Since Ueshima's publication a large body of new cytogenetic data on the Heteroptera has been obtained, including those on the cimicomorphan families Tingidae Nokkala 1984a, Grozeva and Nokkala 2001) , Anthocoridae s.str. Nokkala 1986a, Wang et al. 2003) , Microphysidae (Nokkala and Grozeva 2000) , Cimicidae (Grozeva and Nokkala 2002 , Poggio et al. 2009 , 2011 , Reduviidae , Severi-Aguiar et al. 2006 , Poggio et al. 2007 , 2011 , Panzera et al. 2010 , Bardella et al. 2010 , Nabidae s.str. (Nokkala and Nokkala 1984b , Kuznetsova and Maryańska-Nadahowska 2000 , 2007 , Kuznetsova and Grozeva 2008 , Angus et al. 2008 , and Miridae (Nokkala 1986a , Grozeva et al. 2006 , 2007 , 2011 , Grozeva and Simov 2008a , b, Grozeva and Simov 2009 . At present, the families Miridae and Reduviidae are the most extensively studied (data are available for 196 species in 83 genera and for 148 species in 45 genera, respectively), whereas the families Anthocoridae s.str. (5 species, 3 genera), Polyctenidae (3 species, 2 genera), Microphysidae (2 species, 2 genera), and the monospecific family Joppeicidae, are the least studied. In the three remaining families, data are available for 53 species (20 genera) in Cimicidae; 29 species (7 genera) in Nabidae s.str.; and 28 species (17 genera) in Tingidae (Table 1) . At present, no cytogenetic data are available for the families Pachynomidae, Vianaididae (often included in the Tingidae), Velocipedidae and Medocostidae (both sometimes included in the Nabidae s.l.), Thaumastocoridae (possibly partly belonging to the Pentatomomorpha), Plokiophilidae, and Lasiochilidae and Lyctocoridae (prior to Schuh and Štys (1991) , classified within Anthocoridae s.l.).
The Cimicomorpha is one of the largest and highly diversified heteropteran infraorders. Although this group has attracted considerable interest for several reasons (disease transmission in the Triatominae, evolution of host-plant relationships in the Miridae, maternal care in the Tingidae and so on; Schuh et al. 2009) , cimicomorphan higher-level relationships are complex both at the family and tribal levels and subjected to several recent analyses (Schuh and Štys 1991 , Schuh 1995 , Schuh et al. 2009 ). Cytogenetically considered, Cimicomorpha appear likewise sufficiently heterogeneous. The aim of the present paper is to synthesize main data available concerning cytogenetic characteristics of cimicomorphan true bugs and to gain a better insight into the cytogenetic evolution within different families and the Cimicomorpha as a whole. A further aim is to outline the chief objectives and goals of future investigations in the field. The principle cytogenetic features of Cimicomorpha are summarized in Table 1  and Chromosome numbers and sex chromosome systems in Cimicomorpha (The systematics at superfamily and family level is after Schuh and Štys (1991) ; the systematics at subfamily level generally follows Maldonado (1990) , Putshkov and Putshkov (1986-1989) and Weirauch (2008) for the Reduviidae; Schuh (1995) and Schuh (2011) for the Miridae; Kerzhner (1996) for the Nabidae s.str.; Schuh and Štys (1991) and Schuh and Slater (1995) for the rest of families) Schreiber and Pellegrino 1950 , Barth 1956 , Ueshima 1966a Panzera et al. 1995 Panzera et al. , 2006 Panzera et al. , 2010 (7) 20+XY (1) 22+XY (2) 24+XY (1) 26+XY (1) Takenouchi and Muramoto 1967 , 1972a , b, Muramoto 1973a , Akingbohungbe 1974 (1) 20+XY (1) Leston 1957 Orthocephalus Fieber, 1858 (2) 26+XY Takenouchi and Muramoto 1967 28+XY Takenouchi and Muramoto 1972b , Muramoto 1973b Orthotylus Fieber, 1858 (7) 22+XY (2) 24+XY (1) 26+XY (2) 28+XY ( (2) 24+XY (1) 2n=4 (1) (1) 30+XY (4) 32+XY (1) Slack 1938b*, Leston 1957 , Takenouchi and Muramoto 1967 , 1968 32+XY (1 Schachow 1932 , Mikolajski 1964 , 1965 , 1967 , Takenouchi and Muramoto 1967 , 1968 , 1969 , Muramoto 1978 , Nokkala and Nokkala 1984b 
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Holokinetic chromosomes and mechanisms of their evolution
Holokinetic chromosomes (sometimes designated as holocentric) occur in certain scattered groups of plants and animals, being particularly widespread in insects, including the Heteroptera (Kuznetsova et al. 2002, Lukhtanov and Kuznetsova 2009 ). These chromosomes have no primary constriction, the centromere, which is considered nonlocalized, or diffuse, formed by a large kinetochore plate extending all or most of the length of a chromosome (Schrader 1947 , Wolf 1996 . Despite an important role of chromosomal change in the evolution and diversification of many groups of organisms (White 1978 , King 1993 , Coyne and Orr 2004 , Ayala and Coluzzi 2005 , the mechanisms behind this process are still little known, and this is especially true for groups with holokinetic chromosomes. Theoretically, the large kinetochore plate facilities karyotype evolution via occasional fusion/fission events. First, fused holokinetic chromosomes can not give rise to dicentric chromosomes. Second, any chromosome fragment exhibits a part of the kinetochore plate and can attach to spindle fibers at cell divisions. As a result, chromosome fragments that would be acentric (lacking a centromere) and hence lost in organisms with monocentric chromosomes (with localized centromeres) may be inherited in Mendelian fashion in holokinetic organisms, and gametes harbouring chromosome fragments are consequently expected to be viable (Hipp et al. 2010) . Fusion/fission rearrangements are therefore conventionally accepted as the commonest mechanisms of chromosomal evolution in holokinetic groups. This assumption seems to receive support from the fact that the greatest range of within-genus karyotype variation related to the fusion/fission rearrangements is just described in organisms with holokinetic chromosomes. In metazoan animals, these are the blue butterfly genus Agrodiaetus Übner, 1822 and the gall inducing coccomorphan genus Apiomorpha Rübsaamen, 1894 in which diploid chromosome number ranges from 20 to 268 (Lukhtanov et al. 2005) and from 4 to ca. 192 (Cook 2000) , respectively, whereas in plants -the angiosperm genus Carex Linnaeus, 1753 and the grass genus Bromus Linnaeus, 1753 in which it varies from 12 to 132 (Hipp 2007) and from 14 to 105 (Joachimiak et al. 2001) , respectively. Although variations in chromosome number of related species are probably due to both fissions and fusions of holokinetic chromosomes, fusions are suggested to be more common. The point is that a chromosome, be it holokinetic or monocentric, has to display two functional telomeres in order to survive a mitotic cycle. The fusion chromosome always displays functional telomeres originated from the ancestral chromosomes, whereas a fission chromosome has to be able to develop a functional telomere de novo ).
Chromosome numbers and modes of their transformation in Cimicomorpha
Chromosome numbers have been published for approximately 465 species (180 genera) of cimicomorphan true bugs, including many of the higher taxonomic cat-egories within the infraorder (Table 1) . In these species chromosome numbers range from 2n=6 in Hesperoctenes fumarius (Westwood, 1874) from the family Polyctenidae (Ueshima 1979 ) to 2n=80 in four species of the genus Lopidea Uhler, 1872 from the family Miridae (Akingbohungbe 1974) . Cobben (1986) claimed to have found 2n=4 in Hallodapus albofasciatus (Motschulsky, 1863), Miridae, but this interpretation is not necessarily correct (this refers equally Systellonotus alpinus Frey-Gessner, 1871, 2n=8, in the same paper), since bivalents in the figures provided are clearly organized in a chain giving the false impression that the number of chromosomes is less than it is in reality (similarly as observed in Piesma kochiae (Becker, 1867); Grozeva 1991). It is worth noting that this range in chromosome number is larger than that reported for any other true bug infraorder, the number of 80 representing the highest one currently known in the Heteroptera as a whole. A number of cimicomorphan families demonstrate a considerably wide range of diploid chromosome numbers, the widest being in the families Miridae (from 14 to 80) and Cimicidae (from 10 to 50) ( Table  1) . These facts seemingly reinforce the fusion/fission hypothesis. However quite many cimicomorphan taxa show apparent karyotype conservation, with all or almost all species sharing the same chromosome number. This suggests that chromosomal fusions/ fissions have played a minor role in the karyotype evolution and species diversification within these groups. By far the best example is the lace bug family Tingidae where all of 28 species studied (from 17 genera) have 12 autosomes in diploid complements differing only in sex chromosome system, which is XY or occasionally X0 in males Nokkala 1984a, Grozeva and Nokkala 2001, Table 1 ). In other families chromosome number is more variable (Table 1, Fig. 1 ), and there is currently no obvious explanation of why karyotypes are less variable in the Tingidae than in the other cimicomorphan families. However in some within-family groups, for which a considerable body of information is amassed, chromosome number likewise appears remarkably stable, and modal (the commonest) chromosome numbers (at least autosome numbers) become obvious. The subfamilies Mirinae (Miridae) and Triatominae (Reduviidae) are a good case in point. In the Mirinae, the great majority of species have 2n=32+XY. In the Triatominae, which includes over 140 recognized species (in 15-19 genera), karyotypes are currently known for 84 (in 8 genera), and 80 of these species have 20 autosomes (Panzera et al. 2010 , Table 1 ). Ueshima (1979) has suggested that this autosome number is plesiomorphic in the Triatominae and that fission and fusion rearrangements have resulted in the complements with 22 autosomes, as in Triatoma rubrofasciata (De Geer, 1773) , and with 18 autosomes, as in T. nitida Usinger, 1939 and Panstrongylus megistus (Burmeister, 1835) .
However, the commonest chromosome number needs not to be plesiomorphic in a taxon. A good example comes from the family Nabidae s.str. In this relatively small family (20 genera and approximately 400 species), the number of autosomes reported for 29 species in 7 genera varies between 10 and 38 (Table 1 ). In addition to these values, there are also species with 16, 26, 30, and 32 autosomes. The predomination of the karyotype 2n=18(16+XY) discovered in 11 species and 4 genera has led to the hypothesis that it is the plesiomorphic condition in the family, and other chromosome numbers represent apomorphic characters (Leston 1957; Ueshima 1979 , Thomas 1996 , Kuznetsova and Maryańska-Nadachowska 2000 . However, combining cytogenetic and karyosystematic knowledge ) with a molecular phylogeny of the family based on 18S rDNA ) provided conclusive evidence that the karyotype 2n=32+XY is plesiomorphic and the karyotype 2n=16+XY is apomorphic in the Nabidae s.str., and hence the evolution of karyotypes has been accompanied mainly by fusions of autosomes , 2007 ). In support of this conjecture one can argue that the high-number karyotypes, 2n=32+XY or close to it, appear also characteristic of the closely related families Miridae, Anthocoridae s.str., and Cimicidae (Table 1) .
Considering the lack of a centromere, holokinetic chromosomes exhibit a very limited number of characters that can be used as markers. That is why, in spite of recent progress in developing of different staining techniques, chromosomal rearrangements not changing the number of chromosomes, such as inversions and reciprocal translocations, have been very rarely reported in the Heteroptera Mola 1990, Bressa et al. 1998) . Amongst Cimicomorpha, the triatomine species Mepraia gajardoi Frias, Henry and Gonzalez, 1998 provides an occasional example of a spontaneous translocation . In a natural population of M. gajardoi, a fusion between two non-homologous chromosomes was found in one of the eleven studied individuals. This autosomal translocation resulted in chromosomal irregularities such as an autosomal trivalent, autosomal univalents and chromosomal fragments, which altered the normal segregation of both autosomes and sex chromosomes. The extremely rare occurrence of translocations in the Triatominae led Pérez et al. (2004) to suggest that these structural rearrangements are strongly negatively selected, at least in this group.
the m-chromosomes
The term "m-chromosomes" has been introduced by Wilson (1905) for a pair of very minute autosomes, which were first discovered in the coreid species Anasa tristis De Geer, 1773, in which these peculiar chromosomes behaved differently from both autosomes and sex chromosomes during male meiosis (Paulmier 1899) . Thereafter mchromosomes have been described in the karyotypes of many bug species (Ueshima, 1979) ; however their origin and significance in genomes remain still obscure. As a rule, m-chromosomes are extremely small while in some species they might be of approximately the same size as the autosomes ). Typically, m-chromosomes show negative heteropycnosis during meiotic divisions in males; they are unpaired during early meiotic prophase and hence form no chiasmata; they associate in a co-orientating pseudo-bivalent (the so-called a "touch-and-go" pairing) at metaphase I and segregate pre-reductionally at anaphase I (Ueshima 1979) . However there are several observations suggesting that meiotic behavior of m-chromosomes is more complicated than has been understood earlier (cf. White 1973 , Ueshima 1979 . In Coreus marginatus Linnaeus, 1758 (Pentatomomorpha: Coreidae) the synapsis of mchromosomes is shown to be quite normal at pachytene, suggesting that m-bivalents observed in a part of prophase cells are based on chiasma formation. Still m-chromosomes appear in a substantial part of prophase cells as univalents. In female meiosis, m-chromosomes form a chiasmate bivalent (Nokkala 1986b) In Ueshima's review (1979, p. 12) altogether 14 bug families are mentioned as having m-chromosomes, no cimicomorphan family being among them. Although in the recent reviews of Papeschi and Bressa (2006a, b) the Cimicomorpha is also referred as lacking m-chromosomes, they are however encountered sporadically among species in the families Miridae, namely, in Adelphocoris lineolatus (Goeze, 1778) (Schachow 1932 , Grozeva 2003 , Grozeva and Simov 2008b , Grozeva et al. 2011 , and Reduviidae, namely, in Microtomus conspicillaris Drury, 1782 and M. lunifer (Berg, 1900) (Piza 1957 , Poggio et al. 2011 . The identification of m-chromosomes in the families with achiasmate type of male meiosis (see below) may be difficult, because in those meioses m-chromosomes always appear as a bivalent and not as univalents during meiotic prophase. Consequently, identification is based on the tiny size of a bivalent and the negative heteropycnosis it shows .
The currently available data suggest that the presence or absence of m-chromosomes represents a quite stable character at higher taxonomic levels in the Heteroptera, but only a few instances of the presence/absence of m-chromosomes in closely related true bug species have been reported (Ueshima 1979 ). In the Cimicomorpha, such examples are two mirid species, Dicyphus albonasutus Wagner, 1951 and D. digitalidis Josifov, 1958, the former lacking and the latter possessing m-chromosomes (Grozeva and Simov 2008b) . However, the possibility can not be ruled out that in some cases m-chromosomes were not revealed because of their too small size and negative heteropycnosis in meiosis. The discovery of m-chromosomes in the basal infraorder Dipsocoromorpha (in the families Dipsocoridae and Schizopteridae) allowed the suggestion that m-chromosomes were present in the plesiomorphic karyotype of the Heteroptera (Grozeva and Nokkala 1996) .
sex chromosome systems
Genetic sex determination is predominant in insects and is often accompanied by the presence of a heteromorphic chromosome pair in one sex. The true bugs share male heterogamety with the great majority of other insects. Within the Heteroptera, the XX/XY sex determination is of commonest occurrence, although XX/X0 and multiple sex chromosome systems (X n 0, X n Y, and XY n ) as well as rare neo-XY systems do occur (Ueshima 1979 , Fig. 2 ).
The question as to whether the common ancestor of all Heteroptera was X0 or XY is still open. Ueshima (1979) has proposed that the XY system, despite its widespread occurrence in this group, is derived from the plesiomorphic X0 condition. The fact that sex determination in non-heteropteran Hemiptera groups is predominantly X0, the system being also considered plesiomorphic in Insecta as a whole (Blackman, 1995) , seems to support this hypothesis.
On the other hand, Nokkala (1983, 1984a) formulated an alternative hypothesis assuming that the XY mechanism is plesiomorphic in the Heteroptera, and the existence of X0 species is due to repeated loss of the Y chromosome, i.e. the result of convergent evolution (homoplasy). Their arguments are based on the discovery of an XY species, Saldula orthochila (Fieber, 1859), among X0 species in the genus Saldula Van Duzee, 1914 (Leptopodomorpha, Saldidae) and the sporadic occurrence of similar intrageneric X0-XY variation within the infraorders Gerromorpha, Cimicomorpha and Pentatomomorpha, indicating that the Y-chromosome has a tendency to get lost during evolution.
The most basal heteropteran infraorders are considered to be Enicocephalomorpha and Dipsocoromorpha (Wheeler et al. 1993 , Schuh et al. 2009 , Cassis and Schuh 2010 . Unfortunately, in Enicocephalomorpha chromosomal data are still absent. In Dipsocoromorpha, such data are available for 2 species of the family Schizopteridae and for 4 species of the family Dipsocoridae, these species showing different sex chromosome systems, X0, XY and XY 1 Y 2 (Ueshima 1979, Grozeva and Nokkala 1996) . Moreover, within the genus Pachycoleus Fieber, 1860 both X0 species (P. rufescens Sahlberg, 1875; Ueshima, 1979) and XY 1 Y 2 species (P. pusillimus (J. Sahlberg, 1870); Grozeva and Nokkala 1996: as Cryptostemma Herrich-Schaeffer, 1835) occur.
The existence of Y-chromosome in the Dipsocoromorpha seems to support the view that XY system evolved early in the evolution of the Heteroptera. Since the overwhelming majority of the true bug species possess Y chromosomes, the question arises about the origin of Y-chromosome in the Heteroptera. There is a variety of ways in which a Y-chromosome can evolve from an autosome (White 1973 , Blackman 1995 . One of those is a fusion between the X chromosome and an autosome (in an initially X0 species) resulting in a neo-XY system. In a recently formed neo-XY system, autosomally derived Y chromosome (a neo-Y) is still homologous with the autosome part of the neo-X and therefore synapses with it in meiosis. However the X and Y chromosomes in Heteroptera generally show little or no evidence of homology expected of a neo-XY system (Blackman 1995) . Recently, a mechanism is revealed by which a heteropteranlike achiasmate Y-chromosome can evolve from a B-chromosome (supernumerary, or accessory, or extra chromosome; see below) , Carvalho et al. 2009 ).
In the Cimicomorpha, the whole range of sex chromosome systems occurs. Within this infraorder, different sex chromosomes have evolved among closely related species or even intraspecific populations (Ueshima 1979 , Panzera et al. 2010 , Table 1, Fig. 2) . However, species with the XY system clearly predominate. Amongst those families, in which the information is available on many species, the family Nabidae s.str. is the single one being exclusively XX/XY (Nokkala and Nokkala 1984b , Kuznetsova and Maryańska-Nadahowska 2000 , 2007 , Angus et al. 2008 . Of the three most extensively studied families, X0 species are limited in Reduviidae and Miridae, and have never been reported in Cimicidae (Fig. 2,  Table 1 ).
Compared to other Heteroptera, the Cimicomorpha is unique in that the majority of species posses multiple X chromosomes. Also, in this group the greatest number of X chromosomes in a species -up to 5 in the Reduviidae and up to 15 in the Cimicidae (Ueshima 1966a , b, 1979 , Poggio et al. 2007 , Table 1 ) is found. Within the Reduviidae, multiple sex chromosome systems are the most frequent in the subfamilies Harpactorinae and Stenopodinae (Poggio et al. 2007 (Poggio et al. , 2011 . In the Cimicidae, they are quite frequent in the subfamilies Cimicinae and Haematosiphoninae (Ueshima 1979 , Poggio et al. 2009 ). One of the most intriguing examples is the bed bug Cimex lectularius Linnaeus, 1758 (Cimicidae), in which X chromosomes vary in number from two (X 1 X 2 Y) to 15 (X 1 X 2 Y+13 extra Xs) in different populations while sometimes between males of a population and even between different cells of a male (Ueshima 1966a, b , for other references see Grozeva et al. 2010) . The origin of multiple systems in the Heteroptera is usually ascribed to simple transverse fissions of an original X chromosome, the process which is suggested to be facilitated by the holokinetic nature of true bug chromosomes (Schrader 1947 , Ueshima 1966a , b, 1979 . It is worth noting however that the application of C-banding to study the chromosomes of several Triatominae (Reduviidae) species led Panzera et al. (2010) to the conclusion that chromosomal rearrangements other than fissions might have been involved in the formation of the multiple sex chromosome systems in Heteroptera. However this problem clearly calls for further investigation.
B-chromosomes
B-chromosomes, also known as supernumerary, accessory, or extra chromosomes, are dispensable elements which do not recombine with other chromosomes (the Achromosomes) of the standard complement and follow their own evolutionary pathway (Beukeboom 1994) . B-chromosomes are present in a part of individuals from some populations of a species resulting in intraspecific variation in chromosome number. The evolutionary significance of B-chromosomes seems to be evidenced by their widespread occurrence in very many plant and animal groups; however the origin, structure and evolution of these enigmatic chromosomes are still the subject of much controversy (Jones and Rees 1982 , Camacho et al. 2000 , Jones and Houben 2003 , Camacho 2004 ). Within Cimicomorpha, B-chromosomes were described in 12 species, namely, Triatoma longipennis Usinger, 1939 , Mepraia gajardoi Frias, Henry and Gonzalez, 1998 , and M. spinolai Porter, 1934 from the family Reduviidae , Panzera et al. 2010 ; Orthocephalus funestus Jakovlev 1881 from the Miridae (Takenouchi and Muramoto 1972b) , Acalypta parvula (Fallén, 1807) and Stephanitis oberti (Kolenati, 1857) from the Tingidae (Grozeva and Nokkala 2001) ; Nabis rugosus (Linnaeus, 1758) , N. brevis Scholtz, 1847 , N. ericetorum Scholtz, 1847 , and N. pseudoferus Remane, 1949 from the Nabidae s.str. ; Paracimex borneensis Usinger, 1959 and P. capitatus Usinger, 1966 from the Cimicidae (Ueshima 1966b) . The data obtained point to a sufficient variability of these supernumeraries in terms of their size, C-heterochromatin amount and distribution, meiotic behavior and impact on segregation of A-chromosomes in the species. By this is meant that B chromosomes in Cimicomorpha are of polyphyletic origin that correlates well with the modern concept of polyphyletic origin of B-chromosomes in different groups of animals and plants.
Male meiosis
It is common knowledge that in meiosis, chiasmata (the points of genetic crossing-over) are formed uniting homologous chromosomes together until their separation in the reductional division. However in some animal groups chiasma formation is replaced by other, achiasmate means. When meiosis is achiasmate, at early prophase I one can see the conventional sequence of leptotene, zygotene and pachytene stages. However, no chiasmata are formed and hence no diplotene or diakinesis stages can be recognized. Typically, achiasmate meiosis is restricted to the heterogametic sex of a species. In most heteropteran males, autosomal bivalents are chiasmate whereas sex chromosomes have no chiasmata, however in a number of families male meiosis is completely achiasmate . The first paper to describe the achiasmate meiosis within the Heteroptera was that of Nokkala and Nokkala (1983) dealing with the family Saldidae (Leptopodomorpha). Since that time, this meiotic pattern has been documented in six further heteropteran families, such as Micronectidae from Nepomorpha (Ituarte and Papeschi 2004, Grozeva et al. 2008) as well as Microphysidae, Nabidae s.str., Anthocoridae s.str., Cimicidae, and Miridae from Cimicomorpha (Nokkala and Nokkala 1984b , 1986a , b, Kuznetsova and Maryańska-Nadahowska 2000 , Nokkala and Grozeva 2000 , Grozeva and Nokkala 2002 , 2007 , Poggio et al. 2009 , 2011 . In Tingidae and Reduviidae, the remaining cimicomorphan families for which such evidence is available, males show the orthodox chiasmate meiosis. Nokkala and Nokkala (1984b) argued for a monophyletic origin of achiasmate meiosis in the Heteroptera. However, when more observations of achiasmate meiosis in Cimicomorpha and Nepomorpha became available, the polyphyletic origin of this type of meiosis in Heteroptera was suggested (Ituarte and Papeschi 2004, Grozeva et al. 2008) .
Multiple origins of achiasmate meiosis in Heteroptera is substantiated by the placement of families with achiasmate meiosis in the cladogram based on combined analysis of 16S, 18S, 28S and COI sequence data and 73 morphological characters by Schuh et al. (2009, fig. 10 ). The existence of achiasmate meiosis in one family (Micronectidae) within Nepomorpha, in one family (Saldidae) within Leptopodomorpha, and in several families within Cimicomorpha is undoubtedly the result of independent events. Within the Cimicomorpha, the change from chiasmate to achiasmate meiosis could trace back to the separation of the clades Cimiciformes and Miroidea from the rest of the Geocorisae (node 12 in Schuh et al. 2009 ). All the families cytologically studied in the clade Cimiciformes show achiasmate male meiosis (Microphysidae, Nabidae s.str., Anthocoridae s.str., Cimicidae). In the sister clade Miroidea, the family Miridae shows achiasmate male meiosis, but male meiosis in the family Tingidae is chiasmate. According to this interpretation, achiasmate male meiosis in the Cimicomorpha is of monophyletic origin, and chiasmate meiosis in Tingidae represents reversal from achiasmate to chiasmate meiosis. An alternative explanation is that achiasmate meiosis has appeared coupled with the emergence of Cimiciformes and independently when the family Miridae was separated from their common ancestor with the Tingidae. In this alternative, achiasmate meiosis in the Cimicomorpha is of multiple origins and chiasmate meiosis in Tingidae is not of reversal type. As the latter alternative includes no reversal from achiasmate to chiasmate meiosis it seems more probable.
The multiple origin of achiasmate meiosis is well in accordance with the observations on the divergence in its cytological properties. The most common type of achiasmate meiosis is the so-called alignment type. In this type of meiosis, homologous chromosomes in a bivalent are held together along all their length during whole prophase up to metaphase I (Nokkala and Nokkala 1983) . Within Cimicomorpha, the alignment type of meiosis has been described in the families Nabidae s.str. Nokkala 1984b, Kuznetsova and Maryańska-Nadachowska 2000) , Anthocoridae s.str. , and Microphysidae (Nokkala and Grozeva 2000) . Beyond Cimicomorpha, this meiotic pattern is observed in both Saldidae (Nokkala and Nokkala 1983) and Micronectidae (Ituarte and Papeschi 2004, Grozeva et al. 2008) .
In the collochore type, as it is called, one or occasionally two tenacious threads, the collochores, are formed to hold homologous chromosomes together in the absence of chiasmata. This pattern was described in the families Miridae and Cimicidae, in all the species studied in this respect , Grozeva and Nokkala 2002 , Poggio et al. 2009 , Grozeva and Simov 2008a , b, Grozeva et al. 2010 , 2011 . Within the Miridae, the collochore meiosis is inherent in the genera Bryocoris Fallén, 1829 (1 species studied), Dicyphus Fieber, 1858 (10), and Campyloneura Fieber, 1858 (1), all of the subfamily Bryocorinae Baerensprung, 1860; Deraeocoris Kirschbaum, 1856 (2) from Deraeocorinae Douglas and Scott, 1865; Capsus Fabricius, 1803 (1) and Megaloceroea Fieber, 1858 (1) from Mirinae Hahn, 1833; Driophylocoris Reuter, 1875 (2) from Orthotylinae Van Duzee, 1916); Rhabdomiris Wagner, 1968 (1) , Pilophorus Hahn, 1826 (1), Plagiognathus Fieber, 1858 (1), and Cremnocephalus Fieber, 1860 (2) from Phylinae Douglas and Scott, 1865). Within the Cimicidae, this meiotic pattern in inherent in the genera Cimex Linnaeus, 1758 (3 species studied) from the subfamily Cimicinae Latreille, 1802, and in Acanthocrios Del Ponte and Riesel, 1945 (1), Ornithocoris Pinto, 1927 (1), and Psitticimex Usinger, 1966 (1) from the subfamily Haematosiphoninae Jordan and Rothschild, 1912. Additionally, in the Nabidae s.str., where the tribes Nabini (Nabinae) and Prostemmatini (Prostematinae) are characterized by meiosis of the alignment type, a pattern intermediate between alignment and collochore meioses, has been described in Arachnocoris trinitatus Bergroth, 1916 , the only representative of the tribe Arachnocorini Reuter, 1890 studied so far .
In general, during the first division of meiosis the chromosomes reduce in number (reductional division), whereas during the second division the chromatids separate (equational division), and this pattern is named "pre-reduction" (White 1973) . One of the unique cytogenetic characters of the Heteroptera, also presented in most taxa of Cimicomorpha, is the sex chromosome "post-reduction", with sex chromosomes undergoing equational separation during first division and reductional segregation during second division. Autosomes always show the orthodox sequence of meiotic divisions in male meiosis. On occasion, individual bug species demonstrate sex chromosome prereduction, the Tingidae being the only heteropteran family showing pre-reductional behavior of sex chromosomes in spermatogenesis of all the species studied (Ueshima 1979, Grozeva and . The Tingidae are thus unique in having, besides sex chromosome pre-reduction, also unusually stable karyotype and chiasmate meiosis in males. It is interesting that all of these characters distinguish Tingidae from Miridae, the families considered to form a monophyletic group within Cimicomorpha (Schuh et al. 2009 ). In this infraorder, sex chromosome pre-reduction occurs likewise in all the three studied species of the genus Macrolophus Fieber, 1858 from Miridae (Grozeva et al. 2006 as well as in both studied species of the genus Ectrychotes Burmeister, 1835 from Reduviidae (Ueshima 1979, Manna and Deb-Mallick 1981) , all other species of these families sharing sex chromosome post-reduction.
In most Cimicomorpha, as common in Heteroptera, sex chromosomes demonstrate the "touch-and-go" pairing at metaphase II of male meiosis, i.e. they come together forming a characteristic co-orientating pseudo-pair in the spindle and segregate polewards at anaphase II. The mechanism involved in this "touch-and-go" process (the term has been introduced by Wilson in 1925 for m-chromosomes demonstrating a similar behavior at metaphase I of meiosis) is a very puzzling one (Schrader 1940 , Nokkala 1986a ). The only exception presently known in Heteroptera is the subfamily Nabinae (Nabidae s.str.) where a kind of "distance pairing" of sex chromosomes at metaphase II is observed (Nokkala and Nokkala 1984b , Kuznetsova and Maryańska-Nadachowska 2000 ). Typical of distance pairing is that the sex chromosomes do not associate at metaphase II; they orientate towards opposite poles forming a kind of "distance pseudo-pair" and then segregate. It should be recorded that the other nabid subfamily, Prostemmatinae, shows the orthodox "touch-and-go" process .
Another characteristic feature is the configuration of metaphase I and metaphase II plates, which pattern seems to show species-specific variation in the Heteroptera (see Ueshima 1979) . Meiotic metaphase plates in males are very often organized in such a way that both autosomal bivalents at MI and autosomes at MII form a circle in the center of which univalent chromosomes (X and Y chromosomes, m-chromosomes, B chromosomes) are placed. This configuration of the metaphase plate is referred to as radial as opposed to the other configuration, a nonradial one, where univalent chromosomes and autosomal bivalents are randomly distributed within the metaphase plate. The formation of radial metaphase plate is based on the congressional movements of bivalents and univalents that occur exceptionally along the nuclear envelope towards spindle equator during prometaphase I, resulting in both bivalents and univalents lying in a single ring at late prometaphase. Congression is followed by stabilization phase during which m-chromosome or sex chromosome univalents move along the equator to the center of the plate and form a co-oriented pseudo-bivalent at metaphase I or a pseudo-pair at metaphase II ("touch-and-go") (Nokkala 1986a) . Metaphases I and II or occasionally only one of them may be radial, closely related species sometimes differing in this pattern. In the families Nabidae s.str., Miridae, Microphysidae, and Anthocoridae s.str. the first metaphase plate is shown to be nonradial and the second metaphase plate radial (Nokkala and Nokkala 1984b , 1986a , b, Nokkala 1986a , Nokkala and Grozeva 2000 ). In the Cimicidae, Cimex lectularius demonstrates the same pattern , whereas in Psiticimex uritui Lent and Abalos, 1946, both MI and MII plates seem to be radial (see Figs 2b, c in Poggio et al. 2009 ). Typically, the stage between two meiotic divisions, interkinesis, is absent in spermatogenesis in the Heteroptera, and the first anaphase spindle is transformed directly into the second division spindle (Ueshima 1979) . However, interkinesis stage is present in those taxa, where, as in Nabidae s.str. and Miridae, the first metaphase is nonradial and the second metaphase is radial. This stage is necessary for the formation of a radial metaphase II after a nonradial metaphase I Nokkala 1984b, Nokkala 1986b ).
Female meiosis
For technical reasons, most research on heteropteran chromosomes has used males and as a consequence, there is very little evidence on meiosis in females. Helenius (1952;  see also Piza 1957) was first to point out different orientation of autosomal metaphase I bivalents in male and female meiosis of the lygaeid bugs (Pentatomomorpha, Lygaeidae s.l.): in males parallel and in females perpendicular to the spindle axis. Based on this he claimed that meiosis in females was of the inverted type or post-reductional. On similar basis post-reduction was also suggested by Nokkala (1986a) in female meiosis of Coreus marginatus Linnaeus, 1758 (Pentatomomorpha, Coreidae). Later, however, it has been established that chiasma terminalization is absent in holokinetic chromosomes as evidenced by observations in Triatoma infestans (Klug, 1834) (Cimicomorpha, Reduviidae) (Pérez et. al.1997) and Myrmus miriformis (Fallen, 1807) (Pentatomomorpha, Rhopalidae) (Nokkala and Nokkala 1997) . Consequently, the part of a half-bivalent extending from the chiasma point to the kinetic end separates pre-reductionally. Hence, chiasmate bivalents, irrespective of their orientation at metaphase I, always undergo pre-reduction (Nokkala and Nokkala 1997 , Pérez et al. 1997 , Viera et al. 2009 ) both in males and females.
One of the mirid species, Campyloneura virgula (Herrich-Schaeffer, 1835), is known to be mainly parthenogenetic, and males are extremely rare over the species distribution range (Wheeler 2001) . A cytogenetic study of a parthenogenetic population from Samothraki (Northern Greece) has shown females to be diploid with the karyotype most characteristic of the family Miridae, i.e. 2n=32+XX. In these females, normal meiosis is suggested to be substituted by a modified mitotic division, and the oogenesis is hence of the apomictic type (Grozeva and Simov 2008b) .
Challenges and perspectives
In general, cytogenetic studies of the Heteroptera use standard techniques providing evidence on chromosome number, sex chromosome mechanisms and, in outline, the behavior of chromosomes during meiosis. For an investigator of true bug cytogenetics the basic challenge is the identification of individual chromosomes and chromosomal regions in a karyotype. This is just a condition under which the evolutionary rearrangements, both interchromosomal and intrachromosomal, could be detected in holokinetic chromosomes that would result in considerable progress in the field. With differential cytogenetic techniques, only C-banding and DNA specific fluorochrome staining to reveal C-heterochromatin amount, distribution and composition, and NOR-staining to detect the number and location of nucleolus organizer regions (NORs) have been generally applied in the Heteroptera. However these approaches made possible only a few markers to be revealed in karyotypes. Nevertheless, they made it clear that taxonomically closely related species, even though they have the same chromosome number, do not in fact display identical karyotypes due to accumulation of many rearrangements since divergence from the common ancestor (Grozeva and Nokkala 2001 , Angus et al. 2004 ). For example, the tribes in the family Nabidae s.str. were shown to differ in the location of NORs which are situated on sex chromosomes in Nabini (Nabinae) and Prostemmatini (Prostemmatinae) ) and on a pair of large autosomes in Arachnocorini (Nabinae) ).
In the last few decades, the ability to identify chromosomes has been markedly improved by the development of molecular cytogenetic technologies such as fluorescence in situ hybridization (FISH) for the mapping of genes and sequences, comparative genomic hybridization (CGH) for comparative analyses of genome homology, and others. Unfortunately, these useful approaches are not yet developed in the Heteroptera, with the sole exception of FISH with ribosomal probes to determine where ribosomal genes (18S, 28S or 45S) are located on the chromosomes of a species (Severi-Aguiar et al. 2006 , Papeschi and Bressa 2006b , 2011 , Panzera et al. 2010 , Bardella et al. 2010 , Poggio et al. 2011 . Based on the very first data obtained we safely assume that molecular cytogenetic techniques will be beneficial for revealing additional chromosome markers and providing useful insight into the understanding of genome constitution and the mechanisms of karyotype evolution in true bugs. For example, in the family Reduviidae, FISH experiments using a 45S rDNA probe revealed differences in the number and location of hybridization sites between triatomine species sharing the same chromosome number, 2n=20+XY. In Triatoma brasiliensis Neiva, 1911 and T. rubrovaria Blanchard, 1834, a single 45S rDNA cluster was found on a pair of autosomes, whereas in T. infestans melanosoma Lent, Jurberg, Galvão and Carcavallo, 1994 on the X chromosome, while in T. matogrossensis hybridization signals were located on both X and Y chromosomes (Bardella et al. 2010) .
A potential field of interest concerns the molecular composition of telomeres, which is totally unknown in the true bugs. Telomeres are terminal regions of chromosomes that protect chromosomes from destruction and stabilize their structure (Zakian 1995) . DNA of the telomeric regions consists of short nucleotide motifs repeated thousands and millions of times. Comparative analysis of these motifs in various groups of organisms showed that they were evolutionarily stable, and mark taxa and phylogenetic branches of higher ranks (Traut et al. 1999) . A pentanucleotide repetitive sequence, (TTAGG) n , is the commonest and most likely an ancestral telomeric motif of Insecta that supports their origin from a common ancestor. Heteroptera belong to a very few higher taxa of Insecta in which (TTAGG) n telomeric sequence is absent as evidenced by FISH and/or Southern and/or dot-blot hybridization with a TTAGG probe (Sahara et al. 1999 , Frydrychová et al. 2004 , Grozeva et al. 2011 . It is worthy of note that non-heteropteran Hemiptera, the Auchenorrhyncha included, retain this telomeric sequence (Frydrychová et al. 2004) , however at present, data are not available for Colleorrhyncha, or moss bugs, widely considered to be the sister-group to Heteroptera. The (TTAGG) n motif was suggested to be lost in the early evolution of the true bugs being secondarily replaced by another motif or an alternative telomerase-independent mechanism of telomere maintenance (Frydrychová et al. 2004, Lukhtanov and . Importantly, dot-blot hybridization of the genomic DNA from the true bug species with telomeric probes of different groups of animals and plants, namely, ciliate (TTTTGGGG) n and (TTGGGG) n , nematode (TTAGGC) n , shrimp (TAACC) n , vertebrate (TTAGGG) n , and plant (TTTAGGG) n , yielded likewise negative results (Grozeva et al. 2011) . On the basis of present knowledge, it may be inferred that telomere elongation is telomerase-independent in true bugs. thanks to Nikolay Simov (NMNH, Sofia) for the valuable advices and help to verify the taxonomic status and latin names of different taxa in Table. We are obliged to anonymous reviewers and particularly to the editor for useful comments on the earlier versions of the manuscript.
